Macronutrient intakes and genetic variants have been shown to interact to alter the risk of insulin resistance, but replication of gene-nutrient interactions across independent populations may be difficult to achieve. Saturated fat and carbohydrate were previously shown to interact with genotype for insulin resistance for a variant of perilipin (PLIN), the major adipocyte-associated protein and a regulator of adipocyte metabolism. We investigated the same interaction for PLIN 11482G>A (rs894160) on insulin resistance in US men(n=462) and women(n=508) (mean ±SD, 49±16 years). In multivariate linear regression models, we found a significant (P<0.05) interaction between the ratio of saturated fat to carbohydrate intake as a continuous variable and PLIN 11482G>A for HOMA-IR (homeostasis model assessment of insulin resistance) in women. For carriers of the minor allele but not for non-carriers, as the ratio of saturated fat to carbohydrate intake increased, predicted HOMA-IR increased significantly (P=0.002). By dichotomizing the ratio of saturated fat to carbohydrate intake into high and low, we found significant interaction terms for insulin and HOMA-IR (P<0.05). When the ratio of saturated fat to carbohydrate was high, insulin and HOMA-IR were higher in minor allele carriers (P=0.004 and P=0.003, respectively), but did not differ when the ratio was low. Similar patterns or trends were observed when saturated fat and carbohydrate were dichotomized into high and low as individual macronutrients. Replication of the previously reported interaction between macronutrient intakes and PLIN genotype for insulin resistance reinforces the potential usefulness of applying genotype information in the dietary management of insulin resistance.
Introduction
The prevalence of insulin resistance is growing globally in conjunction with increased obesity prevalence (1) and a sedentary lifestyle (2), but glucose metabolism may also be modified by dietary macronutrients. The role of fat quantity and specific types of fatty acids (eg, saturated, monounsaturated (MUFA), omega-3) in modulating glucose metabolism has been extensively explored, often in the context of obesity and metabolic syndrome (3) (4) (5) (6) (7) . However, high fat meals have been shown to alter insulin concentration and insulin sensitivity even in healthy individuals with normal glucose and lipid metabolism (4, 7) . Saturated fat, whether supplied through the diet (6) or as a component of lipid infusion (8) may be particularly detrimental to glucose metabolism, at least in overweight individuals (9) .
While the evidence for a role of saturated fat in glucose metabolism is strong, results are not conclusive. In some studies, polyunsaturated and omega-3 fatty acids (10) or MUFA appear to play a larger role (3, 4) . These inconsistencies may be related to macronutrient substitutions and displacement among various fatty acid types. Alternatively, genetic variation in regulators of lipid metabolism is another potential source of variability in sensitivity of glucose metabolism to particular fatty acids.
One such metabolic regulator is perilipin, the most abundant protein surrounding the triglyceride droplet in adipocytes, where it regulates adipocyte metabolism and lipolysis (11) . Perilipin interacts with hormone sensitive lipase to facilitate lipolysis of triglyceride, but also acts as barrier to inhibit triglyceride hydrolysis by preventing lipase access (12, 13) . One particular common variant, PLIN 11482G>A, has been extensively investigated and has been associated with altered adipocyte perilipin content, altered lipolysis rates and differences in plasma free fatty acid concentrations following weight loss (11, 14) . Although established primarily as a modifier of obesity risk (15) (16) (17) , the same PLIN single nucleotide polymorphism (SNP) 11482G>A was also shown to modulate susceptibility to insulin resistance (18) . Specifically, the relationship between the 11482G>A variant and insulin resistance was observed in the context of high saturated fat/low carbohydrate intake, suggesting that PLIN genotype could be a potential source of variability in the response of glucose metabolism to dietary macronutrients.
While evidence relating PLIN variants to obesity has accumulated from studies in several independent populations, relationships between PLIN, macronutrient intake and insulin resistance have been reported in a single, although large and multi-ethnic, study of Asians in Singapore. As a result of highly variable environmental factors and variable genetic backgrounds among global populations, genetic associations and gene-diet interactions can be difficult to replicate, although repeatability is considered critical to establishing scientific credibility. Therefore, in the current study, we examined associations between PLIN 11482G>A and insulin resistance, and potential interactions with saturated fat and carbohydrate intake in a White population living in the US.
Methods

Study Design and Subjects
Study subjects were recruited from the ongoing National Heart Lung and Blood Institute Family Heart Study (19) to participate in the Genetics of Lipid Lowering Drugs and Diet Network (GOLDN) Study. The GOLDN study was designed to evaluate genetic factors that modulate dietary and fenofibrate responses, and its methods have been previously described (20) . Study sites were located in Minnesota and Utah and the predominantly White subjects were genetically similar. Study protocol approval was obtained from the Human Studies Committee of Institutional Review Board at the University of Minnesota, University of Utah, and Tufts Medical Center. All participants provided written informed consent. Questionnaires were used to collect demographic, lifestyle, medical history, medication and dietary data. Individuals taking insulin but not other anti-glycemic medications were excluded from the study.
Laboratory methods
Laboratory methods have been previously described in detail (20) . Insulin resistance (fasting glucose × fasting insulin/22.5) was calculated using the homeostasis model assessment of insulin resistance (HOMA-IR) method.
Dietary intake
Dietary intake was estimated by use of the Diet History Questionnaire, a food frequency questionnaire that consists of 124 food items and includes both portion size and dietary supplement questions. The food list and nutrient database used with the Diet History Questionnaire are based on national dietary data [USDA 1994-96 Continuing Survey of Food Intakes by Individuals, available from the USDA Food Surveys Research]. Subjects with daily energy intake outside the range of 800-5500 kcal in men and 600-4800 kcal in women were excluded from analysis.
Genetic analysis
Genomic DNA was isolated from peripheral blood lymphocytes by standard methods. Perilipin SNP 11482G>A (rs894160) was genotyped using the ABI TaqMan SNP genotyping system 7900HT (Applied Biosystems, Foster City, California).
Statistical Analyses
All continuous variables were examined for normal distribution. Plasma glucose, plasma insulin and HOMA-IR were logarithmically transformed to improve normality. The relationship between PLIN genotype, dietary intakes and biochemical measures was evaluated by analysis of variance techniques. We used the generalized estimating equation approach with exchangeable correlation structure implemented in the SAS GENMOD procedure to adjust for familial relationships. Interactions between dietary macronutrient (saturated fat and carbohydrate) and the polymorphism were tested in a multivariate interaction model with control for potential confounders including age, alcohol, smoking, anti-glycemic medications, and waist circumference. Intakes of saturated fat, carbohydrate and the ratio between the two macronutrients were expressed as percentages of total energy intake and were included in analyses as categorical variables. To construct categorical variables, intakes were classified into two groups according to the median intake of the population. Saturated fat intake was also assessed according to tertiles of intake. The ratio of saturated fat to carbohydrate intake, each as percent of total energy intake, was evaluated as a continuous variable by computing predicted values for each subject from the adjusted regression model and plotting those predicted values against saturated fat: carbohydrate ratio depending on the PLIN genotype. Genotype effects were analyzed in the entire population and also separately in men and women. SAS (Version 9.1 for Windows) was used to analyze data. A P value of 0.05 was considered statistically significant.
Results
Demographic, biochemical, anthropometric, dietary and genotypic data are presented for men and women (Table 1) . Saturated fat intake was strongly positively correlated with MUFA intake and negatively correlated with carbohydrate intake. Minor allele frequency for PLIN 11482G>A was 0.29. Genotype frequency in unrelated subjects did not deviate from Hardy-Weinberg equilibrium expectations. No significant associations between glucose-related measures (glucose, insulin, or HOMA-IR) or BMI were observed for PLIN SNP 11482G>A (Table 2) . Interactions between dietary intakes and PLIN 11482G>A were examined by dichotomizing macronutrients according to the median population intakes and evaluating their associations with measures of glucose metabolism and BMI (Table 3) . A dominant genetic model was observed and homozygotes (TT) and heterozygotes (CT) of the minor allele (T) for PLIN were combined and compared to homozygous major subjects (CC) to increase statistical power. Dietary interactions were evaluated in the entire population and separately by gender. Multivariate adjustments for potential confounders included age, waist circumference, gender, smoking, alcohol, family relationships and anti-glycemic medications. We did not find significant interactions between PLIN and glucose-related measures or BMI in the population as a whole or in men. Results reported below pertain to PLIN 11482G>A evaluated only in women.
Saturated fat and carbohydrates were each dichotomized based on median intake of percent of daily energy into high levels (≥11.5 for saturated fat and ≥ 50.5 for carbohydrate) and low levels (<11.5 for saturated fat and <50.5 for carbohydrate). A tendency for significant interaction between carbohydrate and PLIN genotype was obtained for insulin (P=0.084) ( Table 3 ). Insulin and HOMA-IR were higher in minor allele carriers (P=0.021 and P=0.041, respectively) with low carbohydrate intake, but did not differ when carbohydrate intake was high. Glucose and BMI did not differ by genotype under conditions of low or high carbohydrate intake.
Interaction terms for dichotomized saturated fat and genotype did not reach significance, however when tertiles of saturated fat were evaluated for interaction with genotype, significant interaction terms were obtained for insulin (P=0.006) and for HOMA-IR (P=0.007; data not shown). When saturated fat was dichotomized according to the population median intake for women (11.5), insulin and HOMA-IR were higher in minor allele carriers (P=0.027 and P=0.036, respectively) with high saturated fat intake, but did not differ when saturated fat was low. Glucose and BMI did not differ by genotype under conditions of low or high saturated fat.
We next examined interactions between genotype and the ratio of saturated fat to carbohydrate intake, dichotomized into high and low based on the population median ratio of 0.23. Significant interaction terms for the ratio were obtained for insulin (P=0.025) and HOMA-IR (P=0.031). When differences associated with genotype were examined at low (<0.23) or high (≥0.23) levels of the ratio of saturated fat to carbohydrate, insulin and HOMA-IR were higher in minor allele carriers (P=0.004 and P=0.003, respectively) with a high ratio, but did not differ when the ratio was low. As for individual macronutrients, glucose and BMI did not differ by genotype under conditions of low or high ratio of saturated fat to carbohydrate.
We also examined interactions between the ratio of saturated fat to carbohydrate intake as a continuous variable and PLIN 11482G>A on HOMA-IR. Predicted values for HOMA-IR are plotted against the ratio for carriers and non-carriers of the minor allele for PLIN 11482G>A in Figure 1 . A significant interaction term between genotype and the ratio was obtained (P=0.042). For carriers of the minor allele but not for non-carriers, as the ratio of saturated fat to carbohydrate intake increased, predicted HOMA-IR increased significantly (P=0.002).
Discussion
We have replicated a significant interaction between PLIN 11482G>A polymorphism and dietary intake of saturated fat and carbohydrate, which was most apparent when these macronutrients were considered as a ratio. In the current study, responses to saturated fat and carbohydrate for PLIN minor allele carriers were in opposite directions such that higher saturated fat intake was associated with higher insulin resistance, and lower carbohydrate was associated with higher insulin resistance. These associations between a PLIN polymorphism and insulin resistance were not apparent when the population was considered in its entirety, independently of macronutrient intake, and were observed only in women.
Our results are consistent with those obtained from a previous study of PLIN in Chinese, Malay, and Asian Indian women living in Singapore, (18) but several differences are evident. Interactions in the previous study (n=2198) are stronger than in the current study (n=508), which is probably due to the greater statistical power of that study. The previous study evaluated a recessive genetic model, in which carriers of two copies of the minor allele were compared to the other two genotypes. MAF for the Singapore groups ranged from 0.34 to 0.45, which is higher than the 0.29 observed in the current population. The greater MAF combined with the greater number of subjects in the Singapore study ensured that a sufficient number of homozygous minor subjects were available for comparison to the other genotypes. Differences in the Singapore and US diets may have also influenced the nutrient thresholds at which genotype-associated differences were seen. For example, the previous study used tertiles rather than dichotomized groups for reporting interactions for individual macronutrients. However, the threshold for the highest tertile of saturated fat in the Asian population (11.8%) is very close to the median value used to define low and high intakes in the US GOLDN population (11.5%). Differences were larger for carbohydrate in which the upper limit for the lowest tertile in Asians (56.3%) is greater than the dichotomized (median) carbohydrate intake in the GOLDN women (50.4%). These differences between the populations illustrate a few of the complexities inherent in attempting gene-diet interaction replications. Variations in genetic background and linkage disequilibrium patterns between different ethnic and racial groups may further alter genenutrient relationships.
In addition to the Singapore study in which saturated fat and carbohydrate appeared to interact with PLIN 11482G>A, two other studies have presented evidence of carbohydrate modulation of PLIN 11482G>A genotype associated differences. Variation at the PLIN 11482G>A locus modulated weight loss in an energy-restricted and low carbohydrate (40% of total energy) intervention, in which PLIN 11482G>A minor allele carriers were resistant to weight loss compared to non-carriers (17) . In another population composed predominantly of women (664 women in a total of 920 subjects), complex carbohydrate differentially modified obesity measures, depending on PLIN 11482G>A genotype (21) . In that study, carriers of the minor allele consuming a high intake of complex carbohydrate were less likely to be obese than minor allele carriers consuming low complex carbohydrate intake. Taken together, these studies demonstrated that lower carbohydrate intake and/or higher saturated fat intake were associated with adverse metabolic consequences in those individuals carrying the minor PLIN allele for the 11482G>A SNP. Our results are also consistent with previous studies in that we observed the gene-nutrient interaction only in women. For example, Qi et. al. reported a gene-gender interaction with PLIN 11482G>A in whites in which obesity risk was limited to women (15) .
The established relationships between PLIN genotype and obesity (15) (16) (17) , and obesity and insulin resistance led us to question whether nutrient modulation of PLIN-associated obesity might mediate the effects of PLIN genotype on insulin resistance observed in the current study. We did not observe a relationship between PLIN and BMI, with or without macronutrient interaction, suggesting that obesity is not the primary mediator of PLINassociated insulin resistance in this population. However, in a previous study evaluating central obesity and diabetes risk, the PLIN 11482G>A minor allele was associated with increased risk of diabetes only in non-centrally obese individuals, implying that PLIN association with increased diabetes risk is modulated by central obesity (22) . The high prevalence of central obesity in women in the current study (61%) may have increased the likelihood of detecting a relationship between PLIN genotype and insulin resistance.
We are limited in our ability to elucidate mechanisms for the observed effects, or to ascertain which nutrient (saturated fat or carbohydrate) may be of greater importance in modulating insulin resistance. Displacement of one nutrient by another is likely, as suggested by the strong inverse relationship between saturated fat and carbohydrate intakes. Relationships to other fatty acids, including MUFA, which are the greatest source of fats in our population (12.9%), are also unclear. Recent interventions suggest that MUFA intake may be protective for glucose metabolism. For example, a weight loss diet high in MUFA improved glucose metabolism more effectively than a low fat diet, an effect unrelated to the degree of weight regain associated with a given diet (23) . Results from a study of postprandial metabolism confirm the deleterious effects of saturated fatty acids on glucose metabolism, but demonstrate improved glucose metabolism in association with intake of MUFA (4) . The strong correlation between MUFA and saturated fatty acids in the current study precludes the possibility of evaluating MUFA independently of saturated fatty acids.
Although we cannot effectively evaluate MUFA apart from saturated fatty acids, in vitro studies using adipocyte and myotubes have demonstrated inhibition of insulin signaling by long chain saturated fatty acids, which supports a role for saturated fatty acids in mediating insulin resistance (24, 25) . Another group demonstrated that incubation of skeletal muscle cells with the monounsaturated fatty acid oleate in addition to the 16-carbon saturated fatty acid palmitate prevented the insulin resistance related to impaired insulin signaling typically associated with saturated fatty acids (26) . Saturated fatty acids may also interact functionally with perilipin protein. Incubation of adipocytes with palmitate induced the release of perilipin from adipocytes, reduced lipolysis, and interfered with the translocation of hormone-sensitive lipase and perilipin to and from the lipid droplet (27, 28) . Translation from these cell-based studies to physiologic regulation in the whole organism is not yet possible, but these observations do support potential mechanistic links between saturated fat, perilipin function, and insulin resistance.
In summary, we have replicated a gene-nutrient interaction for PLIN 11482 G>A and the ratio of saturated fat: carbohydrate intake on insulin resistance in an independent population of White women living in the US Midwest. Similar results were previously demonstrated in Chinese, Malay and Asian Indian women living in Singapore, in spite of differences in diet, genetic background and prevalence of obesity between these populations. The reproducibility of these results increases the plausibility that perilipin is a mediator of the relationship between nutrients and insulin resistance, and reinforces the potential usefulness of applying genotype information to create targeted nutritional advice. Nutrient interactions with PLIN 11482 G>A for metabolic measures in GOLDN women 1 % Saturated fat intake CC (n=254) CT+TT (n=254) P value P interaction 
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